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http://dx.doi.org/10.10back pain is a disease with tremendous financial
and social implications, and it is often caused by intervertebral disc degeneration. Regenerative
therapies for disc repair are promising treatments, but they need to be tested in physiological
models.
PURPOSE: To develop a physiological in vitro explant model that incorporates the native environ-
ment of the intervertebral disc, for example, hypoxia, low glucose, and high tissue osmolarity.
STUDY DESIGN: Bovine nucleus pulposus (NP) explants were cultured for 42 days in conditions
mimicking the native physiological environment. Two different approaches were used to balance
the swelling pressure of the NP: raised medium osmolarity or an artificial annulus.
METHODS: Bovine NP explants were either cultured in media with osmolarity balanced at iso-
tonic and hypertonic levels compared with the native tissue or cultured inside a fiber jacket used as
an artificial annulus. Oxygen and glucose levels were set at either standard (21% O2 and 4.5 g/L
glucose) or physiological (5% O2 and 1 g/L glucose) levels. Samples were analyzed at Day 0, 3,
and 42 for tissue composition (water, sulfated glycosaminoglycans, DNA, and hydroxyproline con-
tents and fixed charge density), tissue histology, cell viability, and cellular behavior with messenger
RNA (mRNA) expression.
RESULTS: Both the hypertonic culture and the artificial annulus approach maintained the tissue
matrix composition for 42 days. At Day 3, mRNA expressions of aggrecan, collagen Type I, and
collagen Type II in both hypertonic and artificial annulus cultures were not different from Day
0; however, at Day 42, the artificial annulus preserved the mRNA expression closer to Day 0. Gene
expressions of matrix metalloprotease 13, tissue inhibitor of matrix metalloprotease 1, and tissue
inhibitor of matrix metalloprotease 2 were downregulated under physiological O2 and glucose
levels, whereas the other parameters analyzed were not affected.
CONCLUSIONS: Although the hypertonic culture and the artificial annulus approach are both
promising models to test regenerative therapies, the artificial annulus was better able to maintain
a cellular behavior closer to the native tissue in longer term cultures.
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Up to 80% of the population will suffer at least once from
low back pain [1,2], and when this disease becomes chronic,
its financial and social implications are tremendous. Low
back pain can be caused by different mechanisms but is also
heavily associated with disc degeneration [3]. During this
process, there is a shift from an anabolic to a catabolic envi-
ronment in the disc; the cells in the nucleus pulposus (NP) de-
crease their production of the main matrix proteins [4] and
increase their production of degrading enzymes [5–7]. As
455B.G.M. van Dijk et al. / The Spine Journal 13 (2013) 454–463a result, the NP loses proteoglycans (PGs) and water [8] and
over time changes from a gel-like to a fibrous-like structure
[9]. This leads to decreased disc height and loss of function,
which ultimately can cause pain [2,10].
Current treatments for low back pain, such as conservative
therapy and spinal fusion, do not treat this degeneration and
have a limited long-term success. Regeneration of the disc is
an alternative long-term approach to treat the disc degenera-
tion at an early stage and prevent low back pain from occur-
ring [11,12]. A number of regenerative therapies have been
shown to be promising in animal models [13–16], as they
could delay the onset of degeneration [15,16] but still need
to be further developed because they could not fully restore
the disc to its original healthy state [15–17].
Before these therapies can be used, they need to be tested
in a preclinical setting. Animalmodels (in vivo systems) usu-
ally involve induced degeneration by needle aspiration [18]
or enzymatic digestion [19], which is different from the hu-
man disease [20]. Besides this, they are low-volume through-
put, cost intensive, and have ethical considerations [20,21].
Hence, using in vitro models is appealing. Cell culture is less
costly and high-volume throughput; however, the native tis-
sue environment is lost during cell isolation, which might af-
fect the cellular behavior to the regenerative stimuli. From all
invitromodels, whole-disc explants preserve the native envi-
ronment best but their throughput volume is still low and their
stability in the long-term culture is limited [22]. Nucleus pul-
posus explant culture is another suitable model because the
earliest detectable changes during degeneration occur in
the NP [23] and the native tissue environment can be main-
tained [24] in such a model.
Previously we have successfully cultured bovine NP ex-
plants for 21 days [25]. In that study we used polyethylene
glycol (PEG) to raise the medium osmolarity to the native
level and showed that we were able to prevent the swelling
and PG loss. However, the cellular behavior was different
from the fresh tissue at the gene level. We hypothesized that
although balancing the osmolarity is important to prevent
PG loss at the tissue level, other factors in the native envi-
ronment (eg, hypoxia, low glucose levels, and low pH [26])
might be important for the cellular behavior. Indeed, it has
been shown that glycosaminoglycan (GAG) production is
maximal at 5% O2 for NP explants cultured for 24 hours
[27] and also at a pH of 7.1 when cultured for 4 hours
[28]. Therefore, it appears important to culture NP explants
under physiological O2, glucose, and pH [29].
A second possible explanation for the difference in the
cellular behavior we previously observed is that a balanced
medium osmolarity is different from the physiological situ-
ation in which the annulus fibrosus contains NP swelling.
Our second hypothesis is that an artificial annulus approach
is more physiological than a balanced medium osmolarity
approach and might benefit the cellular behavior in NP
explants.
To see the effects of regenerative therapies on the tissue
level, we need a model that is stable for even longer than 21days of culture; therefore, the culture duration was ex-
tended to 42 days. Furthermore, we analyzed the explants
at Day 3 to assess if the changes in the cellular behavior
were a direct effect of the harvesting and culture initiation
stress or occurred over time in culture.
The aim of this study was to improve our NP explant
model by incorporating more factors of the native physio-
logical environment and to determine the importance of
the separate factors. Therefore, we cultured NP explants
for 6 weeks under physiological O2 and glucose levels in
a swelling balanced environment using either an osmotic
balance or an artificial annulus approach. We analyzed
the tissue composition with biochemical assays and histol-
ogy and the cellular behavior with gene expression.Materials and methods
Tissue sampling
NP explants were harvested from fresh caudal discs of
24-month-old cows. These were obtained from the abattoir
according to the local regulations, and a total of 70 discs
(CC2–CC5) were harvested from 18 donors. The different
levels were distributed equally and randomly among the
different conditions. The discs were opened transversally
directly underneath the end plate, and NP explants were
punched out with an 8-mm diameter biopsy punch (Kruuse,
Sherburn, UK) from the center of the NP.
Medium
Standard medium was prepared from basic Dulbecco’s
Modified Eagle Medium powder (Gibco; Invitrogen, Carls-
bad, CA, USA) in milli-Q filtered water (8.3 g/L), supple-
mented with 15.9 mg/L phenol red (Sigma, Zwijndrecht,
The Netherlands), 2% L-glutamine (Lonza, Basel, Switzer-
land), 1% pyruvate (Gibco), 1% penicillin/streptomycin
(Lonza), 3.7 g/L sodium bicarbonate (Sigma), 50 mg/L as-
corbic acid (Sigma), and 10% fetal bovine serum (Gibco).
Glucose was added to the media for a final concentration of
4.5 g/L for the standard conditions or 1 g/L for the physiolog-
ical conditions. All media were filter sterilized and the pH
was adjusted to 7.1, the pH of a healthy human disc [30].
PEG culture
In PEG culture, the medium osmolarity was adjusted to
two levels based on the previous study [25]
 Isotonic to native in situ NP (430 mOsm/kg H2O):
standard mediumþ8.2% w/v PEG (20kD, Sigma)
 Hypertonic to native in situ NP (570 mOsm/kg H2O):
standard mediumþ13.3% w/v PEG.
NP explants were placed inside the dialysis tubing (15 kD
molecular weight cut-off, Spectra-Por, Rancho Dominguez,
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prevent PEG, which may be cytotoxic [31], from entering
the tissue (Fig. 1, Left). Subsequently, these samples were
immediately placed in the corresponding PEG media.
Artificial annulus culture
We observed in pilot studies that explants placed directly
in the artificial annulus swelled to some extent because of
excess space (necessary for the insertion of tissue). There-
fore, the explants were first placed in dialysis tubing for
100 minutes in a 50% w/v PEG solution in phosphate-
buffered saline to shrink the samples to approximately
20%. Samples were then taken out of the PEG solution
and the clips were removed. The dialysis tubing was cut
to size and the samples were placed inside a fiber jacket.
These jackets were custom knitted (Varodem, Saint-Leger,
Belgium) from a single fiber of ultra-high molecular weight
polyethylene (Dyneema Purity, DSM, Heerlen, The Nether-
lands) as an 8-mm diameter tube, which was closed at one
end (similar to a sock). To ensure that the jackets could
withstand the swelling of the samples, three layers were
wrapped around the explants (twisted at the open end
and turned inside out) before they were sewn closed with
a Dyneema Purity fiber suture. Then the artificial annulus
samples were placed in a standard medium (Fig. 1, Right).
Standard and physiological levels
Samples were cultured at 37C and 5% CO2, and the me-
dia were changed two times a week. The samples were either
cultured in a standard incubator at 21%O2 in 4.5 g/L glucose
media (standard conditions) or in a hypoxic incubator at 5%
O2 in 1 g/L glucose media (physiological conditions).
Analysis
Samples were analyzed at Day 3 and Day 42. For every
culture condition, five samples (corresponding to five do-
nors) were cultured and cut in two halves at the end of the cul-
ture period. One half was used for histology and cell viability.Fig. 1. Culture systems used to prevent swelling. (Left) In polyethylene glycol c
closed with two custom-made closure rings. (Right) In artificial annulus culture, e
a fiber jacket that was sewn closed.The other half was cut in two pieces, one for gene expression
and one for biochemical assays. As a control, Day 0 samples
(fresh native tissue) were analyzed immediately after har-
vesting (n55 discs each from different donors) in the same
way. Because of concerns about infection risk and reproduc-
ibility, the 42 days artificial annulus cultures were performed
in duplo (10 samples from 10 donors per group). To investi-
gate the swelling behavior, the weight of all samples was
measured before and after culture.
Biochemical and water content
At Day 0, 3, and 42 the samples were blotted dry,
weighed, and subsequently stored frozen at 30C. The
samples were then placed in a lyophilizer (Freezone 2.5;
Labconco, Kansas City, MO, USA) overnight and the dry
weight was measured. The water content was calculated
from the difference between the wet and dry weight,
divided by the wet weight. The dried samples were then di-
gested in papain solution (100 mM phosphate buffer, 5 mM
L-cystein, 5 mM ethylene diamine tetraacetic acid, and
125–140 mg/mL papain, all from Sigma) overnight at
60C. The digested samples were then used to determine
their content of sulfated glycosaminoglycans (sGAG) as
a measure of PGs, hydroxyproline (HYP) as a measure
for collagen content, and DNA. sGAG content was deter-
mined with the dimethylmethyleneblue assay [32] using
shark cartilage chondroitin sulfate as a reference (Sigma).
The fixed charge density (FCD) was determined from the
GAG content per wet weight, similar to the method used
by Narmoneva et al. [33]. HYP content was measured using
the chloramine-T assay [34] and a trans-4-hydroxyproline
(Sigma) reference. DNA content was measured using the
Hoechst dye method [35], with a calf thymus DNA refer-
ence (Sigma). The amounts of sGAG, HYP, and DNAwere
expressed per mg dry weight of the tissue.
Gene expression
At Day 0, 3, and 42 the samples were snap-frozen in liquid
N2 and stored at 80C until RNA isolation. A 316 stainlessulture, explants were placed inside a semipermeable membrane, which was
xplants were placed inside a semipermeable membrane and subsequently in
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tube (Eppendorf, Nijmegen, The Netherlands) and snap
frozen in liquid N2. Frozen samples were placed in between
the bead and the lid and disrupted with a mikrodismembrator
(Sartorius, Goettingen, Germany) for 20 seconds at
1,500 rpm. This was repeated if necessary with the sample
snap frozen between each cycle. After disruption, RNAwas
isolated using TRIzol (Invitrogen) and purified using the Qia-
gen mini-kit (Qiagen, Venlo, The Netherlands). The quantity
and purity of the isolated RNAwas measured with a spectro-
photometer (ND-1000; Isogen, de Meern, The Netherlands).
Absence of genomic DNA contamination in the isolated
RNAwas checked using real time polymerase chain reaction
(iCycler; Biorad, Veenendaal, The Netherlands) with glycer-
aldehyde 3-phosphate dehydrogenase primers. The VILO-kit
(Invitrogen) was used to reverse-transcribe 60 mg total RNA.
The genes of interest were aggrecan, collagen Type I and II,
matrix metalloprotease 13 (MMP-13), and tissue inhibitor
of matrix metalloprotease 1 and 2 (TIMP-1 and TIMP-2) us-
ing primer-pairs previously designed [25]. Glyceraldehyde 3-
phosphate dehydrogenase (PrimerDesign, Southampton,UK)
was selected as a reference gene from three genes (RPL13A,
GAPDH, and 18S) as the most stable gene throughout our ex-
perimental conditions.Gene expressionwas investigatedwith
real time polymerase chain reaction (CFX384, Biorad) and
the expression difference (DCt) was calculated as the differ-
ence between the gene of interest and reference geneGAPDH.
Levels of expression are expressed as 2(DCt).
Histology and cell viability
Samples were covered in tissue-tek O.C.T. (Sakura,
Alphen a/d Rijn, The Netherlands), snap-frozen in isopen-
tane in liquid N2, and stored at 30C. Subsequently,
10-mm thick sectionswere cutwith a cryostat (Microm,Wall-
dorf, Germany) and stored at 30C. Sections were either
fixed with 3.7% formalin, stained with Weigert hematoxylin
for cell nuclei, safranin-O for PGs, and Fast Green for colla-
gen [36] or stained for lactate dehydrogenase (LDH) to assess
cell viability [37] and fixed. Images were taken with a com-
bined fluorescence and bright-field microscope (Zeiss
Observer; Zeiss, Sliedrecht, The Netherlands). Fluorescence
and bright field images of the same region of interest were
combined using ImageJ software (National Institutes of
Health, Bethesda, US) for the LDH–stained sections.
Statistics
On the iso- and hypertonic PEG, the artificial annulus
cultures with physiological conditions, and the Day 0 sam-
ples, one-way analysis of variance was performed, followed
by Dunnett test for differences compared with Day 0. To in-
vestigate the differential effects of the standard and physi-
ological culture conditions, two-way analysis of variance
was performed for all the culture groups, followed by Bon-
ferroni corrected post hoc tests. Statistical significance in
all cases was assumed for p!.05.Results
Reproducibility
The samples in the hypertonic PEG group did not in-
crease in wet weight. In 3 of 10 samples in both artificial
annulus culture groups, the samples increased between
20% and 30% in wet weight. We assumed that the jackets
were not properly closed in these samples and the swelling
was not balanced. These samples were excluded from the
study, leaving n57 for all artificial annulus culture groups
at Day 42.
Is artificial annulus culture beneficial to an osmotic
balance?
After 42 days, the water content increased slightly for
isotonic PEG and artificial annulus compared with the fresh
tissue (Day 0) when cultured under physiological condi-
tions (Fig. 2A). The sGAG, DNA, and HYP content were
not different from Day 0 (Fig. 2B, D, and E) for all condi-
tions. The FCD in isotonic PEG decreased compared with
Day 0 (Fig. 2C) but was not different in hypertonic PEG
and artificial annulus condition. Cell viability, assessed
with LDH staining, was maintained in all culture groups af-
ter 42 days in culture with physiological O2 and glucose
levels (Fig. 3).The Safranin-O/Fast Green staining showed
no differences in the tissue composition for all culture
groups with physiological O2 and glucose levels when com-
pared with the fresh tissue (Fig. 4). Aggrecan and TIMP-1
messenger RNA (mRNA) expressions were significantly
downregulated in all culture groups compared with Day
0 (Fig. 5A and E). Collagen Type I and Type II expressions
were downregulated in both PEG conditions compared with
Day 0 but not in the artificial annulus condition (Fig. 5B
and C). Matrix metalloprotease 13 was not detected at
Day 0 and in 4 of 5 of the hypertonic PEG and 6 of 7 of
the artificial annulus samples. In isotonic PEG culture,
MMP-13 expression was significantly upregulated com-
pared with Day 0 (Fig. 5D). No significant differences were
observed for TIMP-2 expression for all culture groups com-
pared with Day 0 (Fig. 5F).
Are physiological oxygen and glucose beneficial to
standard levels?
Only in isotonic PEG culture with physiological condi-
tions, there was a slight increase in water content compared
with the standard conditions (Fig. 6A). However, there were
no significant effects of the physiological conditions on the
sGAG, FCD, DNA, and HYP content (Fig. 6B–E). After 42
days, there were no differences in the tissue morphology
(Fig. 7) and cell viability (not shown) between physiologi-
cal and standard O2 and glucose levels for all groups. Ag-
grecan and collagen Type II mRNA expressions were not
different between physiological and standard O2 and glu-
cose levels (Fig. 8A and B). However, there was an effect
Fig. 2. (A) Water content, (B) sGAG content expressed per dry weight, (C) FCD, (D) DNA content expressed per dry weight, and (E) HYP content expressed
per dry weight, after 42 days in culture. Values are mean6standard deviation; n55 (7 for artificial annulus); *p!.05 compared with Day 0. sGAG, sulfated
glycosaminoglycans; FCD, fixed charge density; HYP, hydroxyproline; PEG, polyethylene glycol.
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artificial annulus condition than in both PEG conditions.
There were no significant differences in collagen Type I
expression in all groups (Fig. 8C). MMP-13, TIMP-1, and
TIMP-2 expressions were significantly downregulated with
physiological O2 and glucose levels compared with stan-
dard (Fig. 8D–F).Fig. 3. Lactate dehydrogenase (LDH)–stained sections of fresh and 42-days cultu
(PEG); (C) hypertonic PEG; and (D) artificial annulus with physiological O2 a
indicates cell nuclei (either living or dead). Scale bar5200 mm.Do changes in gene expression occur immediately or
gradually over time?
At Day 3, there were no changes in the tissue morphol-
ogy, viability, and biochemical content (not shown). Aggre-
can mRNA expression was downregulated at Day 3 in
isotonic PEG and artificial annulus culture compared withred nucleus pulposus explants. (A) Day 0; (B) isotonic polyethylene glycol
nd glucose levels. Dark blue indicates living cells (active LDH), and red
Fig. 4. Safranin-O/Fast Green–stained sections of fresh and 42-day cultured nucleus pulposus explants. (A) Day 0; (B) isotonic polyethylene glycol (PEG);
(C) hypertonic PEG; and (D) artificial annulus with physiological O2 and glucose levels. Scale bar5100 mm.
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sions of collagen Type I and II and TIMP-1 and 2 were
not significantly different from Day 0 for all groups
(Fig. 9B–E). Matrix metalloprotease 13 was not expressed
in the Day 0 tissue and in all groups at Day 3.Discussion
Our results show that isotonic PEG conditions could not
fully balance sample swelling, as the water contentFig. 5. Gene expression relative to glyceraldehyde 3-phosphate dehydrogenase a
grecan, (B) collagen Type II, (C) collagen Type I, (D) MMP-13, (E) TIMP-1, an
annulus). *Different from Day 0; p!.05 (please note the logarithmic Y-axis and
TIMP-1, tissue inhibitor of matrix metalloprotease 1; TIMP-2, tissue inhibitor oincreased and the FCD decreased. Adding physiological
oxygen and glucose levels to this system did not counteract
this result (Figs. 6 and 7). This indicates that to keep the
tissue content of NP explants stable, the high osmolarity
is the more potent parameter in the environment and needs
to be properly balanced. As discussed previously [25], the
osmolarity of hypertonic (13.3% w/v) PEG medium is
probably closer to the in vivo osmolarity than the isotonic
(8.2% w/v) PEG medium. In hypertonic PEG culture, all in-
vestigated biochemical parameters and tissue morphology
and cell viability were not different from Day 0 (Fig. 6),fter 42 days in culture under physiological O2 and glucose levels. (A) Ag-
d (F) TIMP-2. Values are mean6standard deviation; n55 (7 for artificial
that error bars are also logarithmic). MMP-13, matrix metalloprotease 13;
f matrix metalloprotease 2; PEG, polyethylene glycol.
Fig. 6. Biochemical content for isotonic PEG, hypertonic PEG, and constrained conditions under physiological and standard O2 and glucose levels. (A)
Water content, (B) sGAG content per dry weight, (C) FCD, (D) DNA content per dry weight, and (E) HYP per dry weight, after 42 days in culture. Values
are mean6standard deviation; n55 (7 for both artificial annulus groups); *p!.05. sGAG, sulfated glycosaminoglycans; FCD, fixed charge density; HYP,
hydroxyproline; PEG, polyethylene glycol.
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Gene expression levels of the matrix proteins aggrecan
and collagen Type I and II were, however, downregulated
(Fig. 5). These results in the 6-week PEG cultures confirm
the results we observed previously after 3 weeks of culture
for both the isotonic and hypertonic PEG [25]. In the arti-
ficial annulus culture system the water content increased,
but only by a slight amount (Fig. 2A). Because the GAG,
DNA, collagen, and FCD were not different from Day
0 (Fig. 2B–D), this slight increase in water content is not
biologically relevant. Furthermore, the histology and cell
viability images confirmed that the tissue composition did
not change during the 42 days of culture (Figs. 3 and 4).
Therefore, at the tissue level, the artificial annulus approachFig. 7. Safranin-O/Fast Green–stained sections. (A) Isotonic polyethylene glycol
and glucose levels. (D) Isotonic PEG, (E) hypertonic PEG, and (F) physical conwas also successful in keeping NP explants stable. More-
over, the cellular behavior in this system was closer to
the fresh tissue than the PEG approach: expressions of col-
lagen Type I and II were not different from Day 0 (Fig. 5B
and C) and although aggrecan was downregulated, it was
significantly higher than in PEG cultures (Fig. 5A).
Most studies did not find differences in cell viability
[38] and GAG production [38,39] for NP cells in a
3-dimensional gel when culture was performed under 5%
compared with 21% O2 for up to 18 days. These studies in-
dicate that although NP cells are sensitive to low nutrient
conditions for these parameters, they are not for the levels
used in this study. However, for NP tissue explants, Ishihara
and Urban [27] observed increased GAG production rate at(PEG), (B) hypertonic PEG, and (C) physical constrained with standard O2
strained with physiological O2 and glucose levels. Scale bar5100 mm.
Fig. 8. Gene expression relative to glyceraldehyde 3-phosphate dehydrogenase after 42 days in culture under physiological O2 and glucose levels. (A)
Aggrecan, (B) collagen Type II, (C) collagen Type I, (D) MMP-13, (E) TIMP-1, and (F) TIMP-2. Values are mean6standard deviation; n55 (7 for both
artificial annulus groups). *p!.05 (please note the logarithmic Y-axis and that error bars are also logarithmic). MMP-13, matrix metalloprotease 13;
TIMP-1, tissue inhibitor of matrix metalloprotease 1; TIMP-2, tissue inhibitor of matrix metalloprotease 2; PEG, polyethylene glycol.
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hours of culture. Although we did not investigate these
short-term effects, these studies confirm the present results
that tissue biochemistry (Fig. 6), composition (Fig. 7), via-
bility, and cellular gene expression of matrix proteins
(Fig. 8A–C) were not affected by O2 and glucose levels
in long-term culture. On the other hand, gene expressionFig. 9. Gene expression relative to glyceraldehyde 3-phosphate dehydrogenase
grecan, (B) collagen Type II, (C) collagen Type I, (D) TIMP-1, and (E) TIMP-2.
(please note the logarithmic Y-axis and that error bars are also logarithmic). TIMP
matrix metalloprotease 2; PEG, polyethylene glycol.of MMP-13, TIMP-1, and TIMP-2 (Fig. 8D–F) were down-
regulated; therefore, it is important to culture with physio-
logical O2 and glucose levels in an NP explant system.
In our previous 21-day study [25], we observed that the
matrix protein mRNA expression in the PEG system was
lower at Day 21 compared with the fresh tissue. To inves-
tigate if this effect was a consequence of the transition fromafter 3 days in culture under physiological O2 and glucose levels. (A) Ag-
Values are mean6standard deviation; n55. *Different from Day 0; p!.05
-1, tissue inhibitor of matrix metalloprotease 1; TIMP-2, tissue inhibitor of
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slowly occurs over time, explants were examined at Day
3 as well. After 3 days in the PEG system, matrix protein
mRNA expression levels were not different from Day
0 (Fig. 9A–C). Therefore, the decreased expression ob-
served at Day 42 did not occur in the first few days and
is linked to the culture system used rather than the explan-
tation per se. In our previous experiment, this downregula-
tion was also observed at Day 21; so the changes in the
cellular behavior in the PEG system occur over time, espe-
cially in the first weeks of culture. After 3 days in the arti-
ficial annulus, the expressions of matrix proteins were not
different from Day 42. Therefore, changes observed in
the cell behavior occurred within the first 3 days and did
not vary more during the rest of the culture, indicating that
this system is more stable over time.
So by using an artificial annulus to prevent the swelling
instead of an osmotically balanced medium, NP explants
could be kept stable and cellular behavior closer to physio-
logical values when compared with PEG systems. In these
systems, the osmotic pressures in- and outside the semiper-
meable membrane are equal. As a result, the cells in the NP
explants are not hydraulically loaded and do not experience
a swelling pressure as they do in vivo. However, in the ar-
tificial annulus approach, the cells are under static hydrau-
lic loading because there is an osmotic pressure difference
between the NP tissue and the surrounding medium, which
is resisted by the fiber jacket. Because this is similar to the
in vivo situation in which NPs are constrained by the annu-
lus fibrosus and the adjacent vertebrae, we hypothesize that
this is the reason why the artificial annulus system performs
better in long term. This also indicates that dynamic hy-
draulic loading might be a further important improvement
to both the systems. It has been shown previously that add-
ing cyclic loading promotes aggrecan expression in human
nondegenerated NP cells in collagen gels [40,41] and algi-
nate beads [42]. Dynamic hydraulic loading in both the
PEG and artificial annulus systems is currently being
implemented in our lab.
In the PEG system, a semipermeable membrane was
used to prevent PEG from entering the tissue. This mem-
brane also prevents the inflow of growth factors and enables
possible accumulation of catabolic factors inside the tissue.
In the artificial annulus approach, however, this membrane
was also present during the whole culture period to main-
tain the NP tissue inside, as the pores of the fiber jackets
are too large to do so. Thus, the presence of the membrane
alone cannot explain the differences observed between the
two approaches. In future cultures, a membrane with
a larger pore size, allowing growth factors to enter and
leave the tissue, will be used to remove any possible influ-
ence of the membrane.
One of our concerns with the artificial annulus approach
was the reproducibility of the system. TheNP explants in this
approach were first shrunk on an average of 20% by placing
them in a 50% PEG solution for 100 minutes. Afterward, thesamples were placed in the fiber jacket, which was manually
sewn closed, and cultured. Because of the biological variance
in the FCDandmanual closing of the jackets, we investigated
the reproducibility of this approach. The wet weight of the
NP explants was measured at the beginning and the end of
the culture period and samples that increased more than
20% in weight were assumed to have swollen, either because
of excess space inside the fiber jackets or biological variance
in FCD. In total, 6 of 20 samples (three in every group) were
discarded, that is, 70% reproducibility of the artificial annu-
lus approach. These six samples with increased wet weight
also had increased water content and decreased FCD. How-
ever, the cellular behavior, investigated by the gene exp-
ression, was not different from the nonswollen jackets,
indicating that although the swelling pressure was not fully
balanced, these samples still showed cellular behavior closer
to Day 0 than PEG samples with balanced osmolarity. Al-
though the reproducibility is of concern with this approach,
measuring weight before and after the culture is a good mea-
sure to investigate the proper closure of the jacket and can be
used to make a preselection.
In all cultures with physiological O2 and glucose levels,
TIMP-1, which is an inhibitor of many MMPs, was down-
regulated compared with Day 0 (Fig. 5E). Because we
could not detect MMP-13 levels in all Day 0 and most cul-
ture samples and we did not investigate the expressions of
other MMPs, we cannot exclude that the cellular phenotype
at Day 42 is more catabolic than at Day 0. However, we did
not see any changes in the tissue composition or biochem-
ical content over 42 days in the hypertonic PEG and artifi-
cial annulus culture, so it is safe to assume that the tissue
turnover is stable for the duration used in this study.Conclusion
The hypertonic PEG system kept NP explants stable at
the tissue level for 42 days, as previously observed at 21
days [25]. However, matrix protein expression was still
downregulated and adding physiological O2 and glucose
levels did not have a beneficial effect. Nevertheless at
Day 3, the cellular behavior was not different from the fresh
tissue, so this model might be used in short-term studies.
On the other hand, the artificial annulus system, with phys-
iological O2 and glucose levels, was able to preserve the na-
tive tissue composition and also to keep the cellular
behavior closer to the fresh tissue, therefore constituting
a better model for a long-term culture.Acknowledgment
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